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Abstract：
Astepwisecatalyticoxidationofnitricoxideandnitritebywater-solubleiron(111）
meso-tetrakis(jVnlethylpyridinium-4-yl)porph)'riｎ（FelIl(4-TMPyP)）wasfirstrevealedbyusinganindium-tinoxide（ITO）electrodeElectrochemicalandspectroelectrochelnical
studiescharacterizedthefbnnationofoxoiron(1V)porphyrinandoxoiron(1V)porphyrin兀一cationradicalintheoxidationofFe1lI(4-TMPyP)．Amechanismoftypicalchemical
catalysiswasproposedfiorthecatalyticoxidationsofNOandNO2￣byoxoiron(1V）porphyrincomplexes・
Ontheotherhand,astableFe(4-TMPyP)‐DNA-PADDA(FePyDP)flllnwasprepared
onpyrolyticgraphiteelectrode（PGE）orlTOelectrodethroughthesupralnolecularinteractionbetweenwater-solubleFe(4-TMPyP）andDNAmatrix，ｗｈｅｒｅＰＡＤＤＡ
(poly(acrylaInide-co-diallyldimethylammoniumchloride）isemployedasa
co-imnobilizingpolymer、ThiSassemblyfIlmwascharacterizedbyquartzcrystalmicrogravimetry(QＣＭ),UVWisspectroscopyandelectrochemistry・ThecatalyticactivityfbrNOreductionandoxidationwereinvestigatedatFePyDPfllmmodiHedelectrode，
respectively．
Introduction
Itisnowwellestablishedthatnitricoxide（ＮＯ）playsftlndalnentalrolesin
biochelnicalprocessessuchasbloodpressurecontrol，neurotransInission，andimmune
response,andsubsequentreportshaveidei]tifledanumberofdiseasestatesinvolvingNO
imbalances[1,2]Thus,inordertoclarifythefiInctionandcontroltheconcentrationofNO
inbiologicalsystelns，itissigniflcantchallengetodevelophighlyselectiveandsensitive
detectionofNO、
Nitricoxideelectrochemicalsensorshavebeenmainlydevelopedonthreedifrerent
approaches，ＴｈｅｆｌｒｓｔｏｎｅｉｓｂａｓｅｄｏｎｔｈｅｄｉｒｅｃｔｏxidationofNOonmetalanodescoated
withdifferentmembranessuchaspoly[4,4,-dihydroxybenzophenone],electrodepositionPb
andIroxideiｎＰＶＰｆｉｌｍ,ＣＯ(phen)2andNafIonfilmandsoon､Thesecondamperometric
approachfiornitricoxidedetectionisbasedonthecatalysisofNObylnetalloproteinssuch
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ascytochrolnec・heInoglobinandmyoglobin､SinceMalinskiandTahareportedacarbon
fiberlnodiHedbyelectropolymerizationofnickel(11）tetrakis(3-methoxy-4
-hydroxyphenyl)-porphyrin(NiTMHPP),metaIloporphyrinfIlmmodifIedelectrodebecalne
verysignificantinthedetectiono缶NOduetohighSensitivity，selectivity，andinvivo
capability[3,4］
Inthepresentthesis，theauthorreportedtheelectrOchemicalstudyonselective
detectionofnitricoxidemediatedbyiron-porphyrininsolutionandinDNAfilm
Experimental
Ｃｈｅ"zjca/Ｓ
ＦｅＩｌｌ(4-TMPyP)waspreparedaccordingtothemethodsofPastemacketalandBedioui
eta1．Salmontestisdoublestrand（STLds）ＤＮＡ（Siglna）wasusedasreceivedDNA
concentrationwasestilnatedinnucleotidephosphate，whichwasdetenninedusing
spectrophoton1eterwitheofl31×１０４Ｍ~1ｃｍ~ｌａｔ２６０ｎｍ．
E/ccかoc/ze〃cα/`Ｍ助cc"Ce/cc"oc/zc〃cα/"?casz"Ⅲc川
Electrochemicalexperimentswereperformedonadigitaluniversalprocessingunit
(Fuso,HECS326)connectedtoaheadbox(Fuso,HECS326-l)inonethree-electrodecelL
TheworkingareasofanopticallytransparentITOelectrodeandaPGelectroｄｅｗｅｒｅｌ８２
ｍｎ２ａｎｄ７､1,,2,respectively､TheAglAgCll3MNaClelectrode(BAS,ＲＥ-5)anda
platinumcoilwereutilizedasreferenceandcounterelectrodes,respectively．
〃叩α川畑q/ＤＭ－Ｂ４Ｄ川ＣＯ"Zﾉ【）oJ7/eα"Cl/ｃａｓｊﾉﾙ川
ＴｈｅｍｉｘｔｕｒｅｏｆＯ､３１nlaqueoussolutionof］５ｍｇｍｌ~ＩＳＴｄｓＤＮＡａｎｄＯ,２mlaqueous
solutionofl5mgInl~ＩＰＡＤＤＡｗａｓｓｅｔａｔａｒｏｏｍｔｅｍｐｅｒａｔｕｒｅfior30Ininuntilawhite
precipitaｔｅｏｆＤＮＡ－ＰＡＤＤＡｗａｓｆｂｒｍｅｄ・AfterbeingsetataInbienttenlperatureovernight，
theｓｏlutionwascentriftlged,andthesedimentwaswashedwithpurewaterandthendried
ataroonltemperatureSuchdriedDNA-PADDAcompositepowderwasdispersedinwater
byultrasonicationfbr30mintoobtainaDNA-PADDAcloudysuspensionｏｆ３ｍｇｍｌ~'・１０
ＩＬｌ３１ｎｇｍｌ~lDNA-PADDAsuspensionwascastonthｅcleanedelectrodesurfElceanddried
inairovernight・Aftertheelectrodewassoakedinwaｔｅｒｆｂｒａｔｌｅａｓｔ４ｈａｎｄｒｉｎｓｅｄｗｉｔｈ
watertoremoveanyunadsorbedcomposite，ｏｎｅＤＮＡ－ＰＡＤＤＡｆｉｌｍｌｎｏｄｉＨｅｄＰＧＥｗas
obtainedTheelectrodewastheniｍｍｅｒｓｅｄｉｎ２×10~4ＭＦe(4-TMPyP)solutionfbr60min
toprepareFe(4-TMPyP)-DNA-PADDA(FePyDP)film
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Resultsanddiscussion
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Fig.１.Cyclicvoltammogramsof201LLMFe''１(4-TMPyP)atanlTOelectrodein50mMpH
7､４ＰＢＳ(a)withoutand(b)ｗｉｔｈｌＯＯｌＬｌＭＮＯ２－,ａｎｄ(c)ｗｉｔｈｌＯＯＩＬＭＮＯ２－ａｎｄｌ８３ｌＬＭ
ＮＯCurves(｡)and(e)areobtainedinpurePBSwithandwithout18.31｣ＭＮＯａｎｄｌＯＯ
ｌＬＭＮＯ２－,respectivelyScanrate，１０ｍＶｓ-1.
Figlashowsthecyclicvoltamlnograln(CV)ofFeIu(4-TMPyP)ｉｎｐＨ７．４PBSatan
lTOelectrode・AtpH74thehydroxy-aquaironporphyrin,HO-Felu(H20)(4-TMPyP)，
predonlinatesoverdiaquaordihydroxyironporphyrin,sinceProtonequilibriaexistwith
ｔｈｅｐＫａｖａｌｕｅｓｏｆ５､Sandll8TWoseparateoxidationpeaksareobservedfbr
HO-Fe'''(4-TMPyP)(ligandH20isomittedfbrsimplicity)around＋０８５Ｖａｎｄ＋1.15Ｖ；
colTespondingtotheoxidationofthecentralironandporphyrinring,respectivelyTheCV
ofpureNOandNO2￣ｉｎｐＨ７．４ＰＢＳａｔａｎｌＴＯｅｌｅｃｔｒｏｄｅｗａｓｓｈｏｗｎｉｎＦigldThe
oxidationpeakpotentialofNOwasobservedaround＋l0Vconlparedwith＋０．６５Vata
GCelectrOdeOntheotherhand,thepeakpotentialofNO2~oxidationwasnotclearand
estilnatedbysubtractingresidualcurrentstoberoughly＋１２～+１３Ｖ(+O8VataGC
electrode),butthepeakcurentsweresmallowingtothelargeoverpotentialsfbrthedirect
oxidationonITOelectrode・However,alargepeakcurrentwasobservedatｔｈｅＣＶｏｆＮＯ２￣
inthepresenceofFem(4-TMPyP)(Fig1b)BycomparingFiglbwithFigslaandld,it
couldbeconcludedthattheenhancedcurrentproceedeｄfiomthecatalyticOxidationof
NO2~byFeI''(4-TMPyP)FiglcshowstheCVofNOandNO2~mixtureinthepresenceof
FeII'(4-TMPyP)Silnultaneously,twoenhancedpeakcurrentSwereobservedaroundthe
firstandsecondoxidationpotentialsofFe'''(4-TMPyP),whichareshownininsetofFig､l
TheseresultsclearlysuggestedastepwisecatalyticoxidationbeｈａｖｉｏｒｏｆＮＯａｎｄＮＯ２￣
oxidationbyhigh-valentironporphyrins．
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Ｆｉｇ２.（A）CyclevoltammogramsofDNA-PADDＡｆＩｌｌｎｉｎａＯＯ５ＭＰＢＳ（ｐＨ７４）
containing2×10~4ＭＦe(4-TMPyP)obtainedatdifferentsoakingtiｍｅｓ(each51ninutes）
fiominnertooutside・Scanrate,２００ｍＶS~１．（B）／(1-sj/〃1nonitoringofthefiequency
decreases(-△Dwiththetimefbrtheimmobilizationof2×１０~4ＭＦe(4-TMPyP)inｐＨ7.4
PBSonto(a)abareAu/quartzcrystal,and(b)aDNA-PADDAmodifiedAu/quartzcrystal
electrode
Figure2AshowstheelectrochemicaｌｒｅｓｐｏｎｓｅｏｆＤＮＡ－ＰＡＤＤＡｆｉｌｍｏｎｔｈｅＰＧＥｉｎ２
×10~４ＭＦe(4-TMPyP）ＰＢＳ（ｐＨ７４)，perfbrmedbyconsecutivecyclicvoltanmnetry
betweenpotentialsoｆ－０．４ａｎｄ＋0.5ｙＡｓｃａｎｂｅｓｅｅｎ，ｔｈｅｇｒｏｗｔｈｏｆｔｈｅＣｙｃｌｉｃ
ｖoltamlnogralncurrentinFi9.7showsFelII/FeⅡredoxcoupleofFe(4-TMPyP)withfbrlnal
potential,ＥＣ,,ｏｆ－Ｏｌ３ＶｖｓＡｇｌＡｇＣｌ,whichwasslightlyhigherthanthatdeterminedin
tｈｅｓａｌｎｅｐＨｓｏｌｕｔｉｏｎｏｎｂａｒｅＰＧＥ
ＴｈｉｓelectrochelnicalresultisconsistentwiththeQCMdata（Fig2B).Ｏｎａｂａｒｅ
Ａｕ/quartzcrystalelectrode,nosignificantfrequencychangewasobservedontheQCM
electrode・However,ｔｈｅＤＮＡ－ＰＡＤＤＡｍｏｄｉｆｉｅｄＡｕ/crystalelectrodeshowedanobvious
fieequencydecrease、ThechangewasattributedtotheentrappingofFe(4-TMPyP）ｉｎ
ＤＮＡ－ＰＡＤＤＡｆＩｌｍＩｎｔｈｅｆＩｒｓｔｓｔａｇｅａｓｈarpdecreaseofthefiequencywasobservedThe
first-orderrateconstantwasobtainedbycurvefittingasacharacteristictilneof
inⅡnobilization,Ｔ,ofl5minTheimmobilizationrateconstantwas34ngmin~1．Thetotal
changeinthefiequencycorrespondedtoanaccumulationof０．６５１｣ｇｉｎｔｈｅｆｉｌｎｌａfter
imeractionwithFe(4-TMPyP)fbr60mintowardasaturationValue．
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Fig.３.CyclicvoltammogramsofFePyDPfilmmodifledPGelectrodein50mMPBS(ｐＨ
7.4)(a)ｗｉｔｈＬ８ｍＭＮＯａｎｄ(b)ｗｉｔｈｌＯＯｌＬＭＮＯ２~・Curve(c)isobtainedinpurePBSat
DNA-PADDAｆｌｌｍｗｉｔｈｌ８ｍＭＮＯ､Scanrate,２００ｍＶｓ~'．
ＡｔＤＮＡ－ＰＡＤＤＡｆＩｌｎｌｍｏｄｉｆｉｅｄｅｌｅctrodethevoltanlmogramofNOinpH７．４PBS
showedasmallcUrrentat-0.90Ｖ(Fig.３c）Alargereductivecurrentwasobservedinthe
presenceofNOatFePyDPfllnllnodifiedelectrode,whiletheredoxpeaksofFe(4-TMPyP）
disappeared(Fig3a).Thelargereductivecurrentresultedfrolnthecatalyticreductionof
NObytheimmobilizedFe(4-TMPyP),andpeakcmentratiowasca・l5fbrthepeak
currentvs・thenoncatalyticFeIII/lIreductionpeakatthesaturationconcentrationoflO０％
NＯ（１．８，Ｍ).TheaboveresultsindiCatedahighcatalyticactivityofironpolphyrinfbr
NOreductionatFePyDPfillnInodifiedelectrode,Moreinterestingly,anadditionofnitrite
intopureFe(4-TMPyP）solutioncausedlittlechangeinthecyclicvoltanunogramThis
indiCatedthatnitritecouldnotbereducedatFePyDPfIlnllnodifiedelectrodeinthis
potentialrange，Asaconclusion，itwasclarifiedthatFePyDPfilmexhibitedselective
catalyticreductionofNOagainstNO2~．
Conclusions
Astepwisecatalyticoxidationofnitricoxideandnitritebywater-soluble
Fe''1(4-TMPyP)wasflrstrevealedbyusinganlTOelectrodeO=Felv(4-TMPyP)showed
aneffectivecatalysistowardsNOoxidationandanexcellentselectivityfbrNOagainst
mtriteTheelectrogeneratedO=FeIv(4-TMPyP)兀一cationradicaleffectivelycatalyzedthe
oxidationofNO2~byatwo-stepprocesstogivenitrateasafinalproduct、
Ontheotherhand,wepreparedandcharacterizedanovelporphyrinfilm,
Fe(4-TMPyP)-DNA-PADDA（FePyDP）ｆｉｌｍ，throughthesUpramolecularassemblyof
cationicporphyrinsintoDNAnlatrixandprovidenewinsightsonthewater-soluble
porphyrinlnodifiedelectrodeasNObiosensor・Themodifiedelectrodedisplayedan
excellentcatalyticactivityfioｒＮＯｒｅｄｕｃｔｉｏｎａｔ－Ｏ６１ＶｖｓＡｇｌＡｇＣｌｖｉａａＣＥＣ
electrocatalyticmechanisnlandNOoxidationat＋０８９vsAglAgClmediatedby
oxoiron(1V)porphyrincomplexesviaatypicalchelnicalcatalysis,respectively
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学位論文審査結果の要旨
本学位論文に関して、平成１６年７月２３曰に第１回の学位論文審査会を開催し、提出された論文および
関連資料について検討した。ついで、平成１６年７月２８曰の口頭発表後、第２回審査委員会を開催し、審
議の結果、以下のとおり判定した。
本論文は、電気化学的手法により生体中の微量一酸化窒素を選択的に検出することを目的とし、水溶性鉄
-ポルフイリン（iron（Ⅲ）meso-tetrakis（N-methylpyridinium-4-yl）porphyrin，Ｆｅ（4-TMPyP)）を用い
て得た種々の成果をまとめたものである。すなわち、Ｆｅ（4-TMPyP）は電位によって、異なる高原子価錯
体を生成し、オキソ鉄（Ⅳ）錯体は一酸化窒素のみの酸化を、オキソ鉄（Ⅳ）ルカチオンラジカルは亜硝
酸イオンの酸化を触媒する機構を､ITO（Indium-TinOxide)電極を用いて始めて明らかにした。これにより、
亜硝酸イオンが共存していても電位をコントロールすることにより一酸化窒素の選択的検出が可能となるこ
とを指摘した。また、この正に荷電した鉄一ポルフィリンをＤＮＡ膜中に固定した電極を工夫し、ＤＮＡ膜中
でこの鉄一ポルフィリンの酸化還元反応が溶液中と同じように進行し、ＤＮＡの塩基対を経由する電子トン
ネリングの可能性を明らかにするとともに、鉄（11）錯体を利用した－酸化窒素の還元的検出およびオキソ
鉄（1V）による一酸化窒素の酸化的検出が高選択的に行えることを実証した。
以上のように本論文は関連分野の発展に大きく貢献する成果を挙げていることから、博士（理学）の学位
を与えるに十分値するものと考え、審査員一致で合格と判定した。
－３３－
